The hybrid histidine kinase 3 (HHK3) is a highly conserved sensor kinase in fungi that regulates the downstream HOG/p38 mitogen-activated protein kinase (MAPK). In addition to its role in osmoadaptation, HHK3 is involved in hyphal morphogenesis, conidiation, virulence, and cellular adaptation to oxidative stress. However, the molecular mechanisms by which it controls these processes remain obscure. Moreover, HHK3 is a molecular target for antifungal agents such as fludioxonil, which thereby interferes with the HOG/p38 pathway, leading to the abnormal accumulation of glycerol and subsequent cell lysis. Here, we used a chemical genomics approach with the yeast Saccharomyces cerevisiae to better understand the fungicidal action of fludioxonil and the role of HHK3 in fungal growth and physiology. Our results indicated that the abnormal accumulation of glycerol is not the primary cause of fludioxonil toxicity. Fludioxonil appears to impair endosomal trafficking in the fungal cells. We found that the components of class C core vacuole/ endosome tethering (CORVET) complex are essential for yeast viability in the presence of a subthreshold dose of fludioxonil and that their overexpression alleviates fludioxonil toxicity. We also noted that by impeding secretory vesicle trafficking, fludioxonil inhibits hyphal growth in the opportunistic fungal pathogen Candida albicans. Our results suggest that HHK3 regulates fungal hyphal growth by affecting vesicle trafficking. Together, our results reveal an important role of CORVET complex in the fungicidal action of fludioxonil downstream of HHK3.
The incidence of fungal infections has been on the rise in recent decades. Fungi infect more than a billion people, causing 1.5 million deaths annually (1, 2) . We have a limited armamentarium of antifungal drugs to combat this burgeoning disease burden, and the emergence of strains resistant to these drugs has aggravated this problem further (2, 3) . Interestingly, the number of antifungal drugs used in agricultural practices is much larger than those used clinically. Proper understanding of the mode of action of these antifungals can provide novel insight for developing new fungicides (4) . Fludioxonil is a newgeneration fungicide that is widely used in agricultural practices, particularly for the postharvest management of seed and fruit preservation (5) (6) (7) . Chemically, it belongs to the phenylpyrrole class of antifungal compounds and is derived from pyrrolnitrin, an antifungal secondary metabolite from Pseudomonas pyrrocinia. It is effective against a wide range of fungal species that belong to different genera. The mode of action of fludioxonil is quite distinct from human antifungal drugs as it targets HOG 4 /p38 MAPK signal transduction pathway (6, 7) . The HOG/p38 MAPK pathway is ubiquitous in fungi and mediates cellular adaptation to high osmolarity and oxidative stress (8) . In Saccharomyces cerevisiae, the HOG/p38 MAPK pathway is regulated by the hybrid histidine kinase Sln1p through a multistep phosphorelay involving SLN1-YPD1-SSK1. The exposure to high osmolarity causes transient activation of Hog1p by phosphorylation. The phosphorylated Hog1p enters the nucleus, resulting in transcriptional reprogramming, which is essential for the adaptation. This includes an increased synthesis and accumulation of osmolytes like glycerol to prevent the water loss (8) .
Exposure to fludioxonil causes constitutive activation of the p38/HOG pathway in fungi (9) . Transcriptional profiling of Aspergillus nidulans exposed to fludioxonil and osmotic stress also revealed that fludioxonil recapitulates the osmotic stress signal (10) . Interestingly, the fungicidal effect of fludioxonil was greatly enhanced by mutation in the cell wall integrity pathway, by inhibitors of calcineurin or compounds causing oxidative stress (11) . Fludioxonil treatment was shown to cause an increase in the intracellular glycerol content, hyphal swelling, and metabolite leakage in the fungal cells (6, 7) . Based on these observations, it is suggested that fludioxonil interferes with the osmosensing signal transduction pathway, leading to the abnormal accumulation of glycerol and subsequent cell lysis (6, 7) .
The molecular target of fludioxonil toxicity is Nik1 orthologs or hybrid histidine kinase 3 (HHK3) (6, (12) (13) (14) . Initial evidence in this regard came from analyzing laboratory-generated and naturally isolated fludioxonil-resistant mutants. Both point and deletion mutations in HHK3 led to the osmosensitive and fludioxonil-resistant phenotype in many fungal species (8, (15) (16) (17) (18) . The budding yeast S. cerevisiae does not contain any HHK3 and is naturally not sensitive to fludioxonil. However, the heterologous expression of HHK3 confers fludioxonil sensitivity to this host, which further confirms the role of HHK3 in the toxic effect of fludioxonil on fungal cells (19 -21) . HHK3 is one of the most conserved and widely characterized among the fungal HHKs (14, 22) . Analysis of the HHK3 mutants in several species indicates that it functions as a sensor upstream of the HOG/p38 MAPK pathway. HHK3 was found to complement Sln1p in S. cerevisiae and regulate the HOG/ p38 MAPK pathway in a similar manner (13, 20, 22) . Fungicidal action of fludioxonil involves inhibition of HHK3, resulting in the constitutive activation of the Hog1p MAPK in fungi. Similar to HHK3, the null mutation in HOG1 also showed resistance to fludioxonil (9) . Apart from its role in osmoadaptation, HHK3 was also found to have a role in morphogenesis, virulence, cellular adaptation to oxidative stress, cell wall integrity, and conidiation in a number of species (14, (23) (24) (25) (26) (27) (28) . However, the molecular mechanism elaborating the role of HHK3 in these processes remained unknown.
In this study, we used S. cerevisiae and Candida albicans models to understand the fungicidal action of fludioxonil. C. albicans was included to check the effect of fludioxonil on the filamentous form of growth. Our results indicated that the abnormal accumulation of glycerol was not the primary cause of fludioxonil toxicity. Chemical genetic profiling suggested that vesicle trafficking could be one of the major processes affected by fludioxonil toxicity. The components of class C core vacuole/endosome tethering (CORVET) complex (29) were essential for viability in the presence of a subthreshold dose of fludioxonil. Fludioxonil treatment caused vacuolar fragmentation and disruption of endocytosis in yeast. Interestingly, the overexpression of some of the components of the CORVET complex, e.g. VPS11, VPS16, and VPS18, could abrogate the fludioxonil toxicity, therefore indicating their direct role in this process. We have shown that fludioxonil inhibits hyphal growth in C. albicans by impeding vesicle trafficking, and the overexpression of CaVps16 or CaVps18 could reverse this. Our data showed, for the first time, an important role of CORVET complex in the fungicidal action of fludioxonil downstream of HHK3.
Results
Fludioxonil exerts its toxic effect on S. cerevisiae expressing a heterologous HHK3 (ClNik1p) by dominantly activating the HOG/p38 pathway ClNik1p is an HHK3 from pathogenic yeast Candida lusitaniae (24) . In earlier studies, we have shown that ClNIK1 could complement sln1 deletion and act as bona fide osmosensor in S. cerevisiae (30) . To create an experimentally amenable model for fludioxonil toxicity, we transformed pClNIK1 into S. cerevisiae strain BY4741. The cells harboring pClNIK1 became highly sensitive to fludioxonil (Fig. 1a) . In contrast, the parental strain was resistant to the drug. The cells expressing the constitutively active mutants of ClNik1p (⌬H4 and ⌬H1-4) remained resistant to fludioxonil. This observation further confirmed that the sensing competence of HHK3 was indispensable for fludioxonil toxicity. Heterologous expression of ClNik1p also conferred fludioxonil sensitivity to another S. cerevisiae strain, NM2, having a different genetic background (Fig. S1) . One of the hallmarks of fludioxonil toxicity is the activation of the HOG/p38 MAPK pathway (6, 20 -22) . Therefore, we determined the phosphorylation of Hog1p by immunoblotting of the total protein extracts from the cells treated with fludioxonil. Hog1p was found to be phosphorylated within 5 min of exposure to the drug (Fig. 1, b and c) , and the phosphorylated Hog1p could be detected even after 12 h (data not shown). This pattern is quite distinct from the high osmolarity-induced activation of Hog1p where the activation of Hog1p is transient and returns to the basal level mostly within 1 h (8) . Earlier studies showed that DhNik1p, an HHK3 from the yeast Debaryomyces hansenii, regulated the HOG/p38 MAPK pathway through Ypd1p-Ssk1p phosphorelay in S. cerevisiae in a manner similar to that of Sln1p (13, 20, 22) . ClNik1p could also be acting through Ypd1p to regulate Hog1p. To test the direct interactions between ClNik1p and S. cerevisiae Ypd1p, we performed a yeast two-hybrid assay. Dilution spotting on the selection plates clearly indicated that the ClNik1p (bait)/Ypd1p (prey) combination showed moderate growth. In comparison, Sln1p/Ypd1p combination showed much higher growth. The control empty prey or empty vectors showed very little or no growth (Fig. 1d) . These results suggested that Ypd1p could interact with both ClNik1p and Sln1p. However, the interaction with the latter was much stronger. These results were further reiterated with a liquid growth assay, which showed greater than 2-fold more growth with Sln1p/Ypd1p than with ClNik1p/Ypd1p (Fig. S2) . We also utilized a synthetic Skn7 response element (SSRE)-LacZ reporter system (20) to measure the histidine kinase activity of ClNik1p in vivo. The S. cerevisiae strain YSH2472 expressing ClNik1p showed a high level of ␤-gal activity, and the addition of fludioxonil greatly diminished this activity (Fig.  1e) . Our results indicated that fludioxonil exerts its toxic effect by inhibiting ClNik1p and the downstream phosphorelay via Ypd1p-Ssk1p in S. cerevisiae even in the presence of a functional Sln1p. Both Sln1p and ClNik1p can act in parallel and independently on the downstream phosphorelay. Activation of Hog1p can only occur when both are inactivated. Thus, the inhibition of the kinase activity of ClNik1p by fludioxonil affected the downstream phosphorelay in a dominant manner by also suppressing the Ypd1p-Ssk1p phosphorelay through Sln1p. cellular adaptation to high-osmolarity stress (8) . Because fludioxonil also activates the HOG/p38 pathway, it was hypothesized that the accumulation of glycerol causes swelling of the cell and thereby leads to various morphological defects and ultimately growth inhibition (6, 7, 11, 16) . In such a scenario, the cells lacking glycerol-3-phosphate dehydrogenase, a key enzyme in the first step of glycerol biosynthesis in yeast, should be resistant to fludioxonil. This enzyme is encoded by two redundant genes, GPD1 and GPD2 (31) . Therefore, we checked the fludioxonil sensitivity of the mutant strains Y13718 (⌬gpd1) and 512 (⌬gpd1⌬gpd2). The expression of ClNik1p in these mutant strains conferred sensitivity to fludioxonil that was quite similar to that of WT (Fig. 2a) . We next compared the intracellular level of glycerol in Y13718/pClNIK1 and 512/ pClNIK1 after 3 h of fludioxonil exposure. The intracellular glycerol content of ⌬gpd1 mutant was lesser than that of the parental control BY4742/pClNIK1 in the normosmolar condition. However, there was a 2-fold increase in the glycerol content in both BY4742/pClNIK1 and Y13718/pClNIK1 strains after fludioxonil treatment. In contrast, there was no increase in glycerol content in the strain lacking both GPD1 and GPD2 as compared with its parental control strain, which also showed a 2-fold increase in glycerol content. Thus, although ⌬gpd1⌬gpd2 double mutant failed to accumulate glycerol upon exposure to fludioxonil, it was sensitive to fludioxonil (Fig. 2b) .
In response to hyperosmotic stress, Hog1p is activated and translocated to the nucleus in S. cerevisiae, and this is necessary for the up-regulation of several genes (including GPD1) required for the adaptation process. NMD5, a karyopherin involved in the nuclear import of proteins, plays an essential role in the nuclear translocation of Hog1p. In ⌬nmd5 cells, the stress-induced nuclear translocation of Hog1p is blocked (32) . To check whether the nuclear translocation of Hog1p was essential for fludioxonil toxicity, the sensitivity of ⌬nmd5 mutant toward fludioxonil was determined. We observed that ⌬nmd5 strain expressing ClNik1p did not grow on SD (2% glucose and 0.67% yeast nitrogen base) plates containing 25 g/ml fludioxonil; therefore, the nuclear localization of Hog1p might not be required for the antifungal activity of fludioxonil (Fig.  2c) . To confirm this further, we monitored the subcellular localization of Hog1p-GFP. For this, S. cerevisiae strain BY4741 expressing ClNik1p and Hog1p-GFP were exposed to 0.4 M NaCl (osmotic shock) or fludioxonil (5 g/ml) for 15 min. In the case of osmotic shock, 94% (n ϭ 138) of cells showed strong GFP fluorescence in the nucleus. However, in the fludioxoniltreated cells (n ϭ 100), the GFP fluorescence remained in the cytosol, which was quite similar to that in the untreated control samples (Fig. 2d) . Interestingly, the cells showed similar GFP fluorescence pattern as early as 5 min and as late as 3 h of fludioxonil treatment (data not shown). Glycerol accumulation was not the primary cause of fludioxonil toxicity. In an attempt to identify the primary cause of the cytotoxicity, we systematically screened the haploid deletion strain collection of S. cerevisiae (33, 34) . Each deletion strain (BY4741 genetic background) was individually transformed with plasmid pClNIK1 using a high-throughput 96-well plate transformation protocol (35) . The relative growth assays of the transformants were performed in the presence of 0.76 g/ml fludioxonil in a 96-well format. Strains having less than 60% growth compared with the WT control were shortlisted as hypersensitive strains. In the preliminary screening, among the ϳ5000 deletion strains, 290 strains were found to be hypersensitive to fludioxonil. To weed out the false positives, the sensitive strains identified in the initial screening were separated from the rest of the library into four 96-well plates and transformed again with pClNIK1. The growth of the transformants was measured at two concentrations of fludioxonil, i.e. at 0.75 and 0.5 g/ml. Two different doses were used to increase the stringency of the screening. Finally, only those strains that showed consistent hypersensitivity and a z value below 0 at both concentrations were selected (Fig. S3) . Five strains showing consistent hypersensitivity only at 0.75 g/ml fludioxonil were included in the list. Any strain sensitive to 0.5 g/ml fludioxonil should theoretically also be sensitive to the higher concentration of the drug. Therefore, six strains that were found only in the data set with 0.5 g/ml fludioxonil were considered false positives and ignored (Fig. S3) . Furthermore, 21 strains showing a slow growth phenotype and eight dubious ORFs were also ignored. Previously, Parsons et al. (36) carried out chemical genetic profiling of 82 bioactive compounds and identified a set of 121 deletion mutants that displayed statistically significant sensitivity to these compounds (multidrug-sensitive profile). Nine strains from the multidrug-sensitive profile were found to be present in the deletion-sensitive profile (DSP) of fludioxonil and thus were also excluded from the concluding list (Fig. S3) . Finally, the DSP of fludioxonil identified 60 genes (Table S1 ) whose deletion caused hypersensitivity to fludioxonil. ⌬bck1, ⌬slt2, ⌬hof1, ⌬mit1, and ⌬vam7 were the most hypersensitive to fludioxonil among these 60 strains. Bck1p and Slt2p are integral to the cell wall integrity pathway (37) . Hof1p plays an important role in cytokinesis (38, 39) . Vam7p is an important vacuolar SNARE involved in vacuole fusion (40) , and Mit1p is a transcriptional regulator of pseudohyphal growth in S. cerevisiae (41) .
To identify the pathways affected among 60 hypersensitive strains, the online data mining tool DAVID (42) was used. A comprehensive analysis by DAVID revealed that ϳ30% of the genes in the DSP of fludioxonil were involved in the establishment of localization of proteins, and more than 6% of the genes were found to be involved in cytokinesis and vacuole fusion. Overrepresented gene ontologies belonged to five major cell processes, e.g. protein targeting (establishment of protein localization and endoplasmic reticulum unfolded protein response), vacuole organization (vacuole fusion and HOPS and CORVET complexes), cell wall integrity pathway (cell wall glycoprotein biosynthetic process and cell wall biogenesis), cytokinesis (barrier septum formation and mannosyltransferases), and transcriptional machinery (chromatin remodeling complex and 
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Srb-mediator complex). Analysis using gene ontology (GO) term Slim Mapper revealed that the GO terms "endosomal transport" and "vacuole organization" were 6-and 5-fold enriched in our DSP gene list, respectively, as compared with total gene space (Fig. 3b ). More than 2-fold enrichment of GO terms e.g. vesicle organization, membrane fusion, endocytosis, and cytokinesis was also observed in this list. The analysis of the network of interaction forms by the genes of our DSP set by GeneMANIA (43) also highlighted the roles endosomal transport and vesicle fusion (Fig. 3c) . The CORVET complex appeared to be the most prominent protein complex with a role in fludioxonil toxicity. To rule out the possibility of the phenotype arising due to the accumulation of any additional mutation(s) in the deletion strains of the library, we recreated deletion mutations of CORVET subunits (VPS3, VPS8, VPS11, VPS16, and VPS18), SNARE proteins (VAM6 and VAM7), and VPS9 in the BY4741 background and reconfirmed the fludioxonil hypersensitivity of these mutants (Fig. S4 ).
Fludioxonil impairs cytokinesis in S. cerevisiae model
⌬hof1 was identified as one of the most fludioxonil-hypersensitive strains. Hof1p is a F-Bar (having a SH3 domain) protein involved in cytokinesis in yeast, and it directly regulates formin activity and secretory vesicle trafficking during polarized cell growth (39) . Hof1p localizes at the bud neck as soon as the new cell cycle is commenced. It colocalizes with the septin ring until late anaphase and then shifts to the actomyosin ring just before ring contraction (38) . We examined the effect of fludioxonil on the localization of Hof1p-GFP in S. cerevisiae. For this, the BY4741 strain having chromosomal GFP-tagged Hof1p was transformed with pClNIK1 plasmid. The transformants were grown in SD medium (ϪHis,ϪUra) to an A 600 of 0.5-0.7. An aliquot of the culture was centrifuged, and cells were fixed in 4% paraformaldehyde for 10 min to serve as a control. The rest of the culture was treated with fludioxonil (25 g/ml) for 3 h and processed similarly. In more than 60% of the budded cells in the control sample, Hof1p was found to be localized on the bud neck. However, in the fludioxonil-treated cells, less than 20% of the budded cells had Hof1p-GFP localized on the bud neck (Fig. 4, a and b) . This result suggests that fludioxonil impedes the localization of the proteins at the bud neck, which is essential for cytokinesis.
We next examined the effect of fludioxonil on the cell cycle and budding pattern in our S. cerevisiae model. For this, yeast strain BY4741/ClNik1p was synchronized using ␣-factor. 58% of the cells resumed growth in SD medium within 30 min after the release from ␣-factor arrest. However, upon exposure to fludioxonil, the cells showed a delayed exit from G 1 phase as 86% of cells were nonbudded even after 1 h of release from ␣-factor arrest. We analyzed the nuclear division pattern of the budded cells in the control and treated samples (Fig. 4c) . It was observed that 63% of the budded cells had a single nucleus, and 37% had two nuclei in the control sample. However, after 4 h of incubation with fludioxonil, 53% of the budded cells were found to have two nuclei. Interestingly, 10% population of the budded cells had more than one bud and three nuclei per cell in the treated sample, and this increased to 27% after 8 h of fludioxonil treatment (Fig. 4c) . Thus, it was speculated that fludioxonil might be inducing a cytokinesis defect, resulting in cells with multiple nuclei. To further confirm this, flow cytometry was conducted. Cells of WT strain BY4742/ClNIk1p at logarithmic phase were exposed to fludioxonil for 4 h. Cells were fixed with 70% ethanol, and flow cytometric analysis of DNA contents was carried out. The untreated control sample showed normal distribution of G 1 (29%), S (35%), and G 2 (28%) phase cells at 0 h; however, after 4 h of fludioxonil treatment, there was a remarkable decrease in the number of cells at G 1 (14%) phase and a simultaneous increase in the cell showing polyploidy (47%). These results indicated that normal cytokinesis was affected in the cells treated with fludioxonil (Fig. 4d) .
Fludioxonil affects vacuolar morphology and impairs endocytosis
The DSP of fludioxonil was highly enriched with genes involved in the fusion of the endosome and vacuole, particularly the components of CORVET complex (29) , SNARE proteins, and their regulators (40) . Endosomes receive cargo from various pathways and constantly undergo fission and fusion events. Fusion of early endosomes is regulated by the CORVET complex, whereas late endosome/vacuole fusion is regulated by its sibling, the HOPS complex. Both are hexaheteromeric complexes with common subunits, VPS11, VPS16, VPS18, and VPS33. To examine the effect of fludioxonil on late endosome fusion, we monitored vacuolar morphology using the fluorescent dye FM4-64 (Fig. 5a ). In the control samples, 67.5% of the cells (n ϭ 425) showed a single large vacuole, and only 2.8% cells showed highly fragmented vacuoles. In contrast, only 5.57% of the yeast cells (n ϭ 341) had a single large vacuole in the fludioxonil-treated sample. The majority of the cells (90.9%) were found to have fragmented vacuoles. Vacuoles were found to be fragmented within 2 min of fludioxonil treatment and to remain fragmented even after 3 h of treatment. Thus, fludioxonil toxicity inhibited the fusion of the vacuole in S. cerevisiae expressing ClNik1p. In S. cerevisiae, the CORVET complex is found on endosomal dots (44) . We therefore monitored the effect of fludioxonil on CORVET localization of Vps8-GFP fusion protein. Vps8 is a subunit specific to the CORVET complex. In control cells, Vps8-GFP was visible in two to three bright endosomal dots (Fig. 5b) . In the fludioxonil-treated cells, GFP fluorescence was largely diffused. Some cellular dots with much lower fluorescence intensity remained nevertheless (Fig.  5b ). This result indicated cytosolic localization of CORVET subunit Vps8. To confirm this further, the total cell lysate was subjected to subcellular fractionation by high-speed centrifugation (100,000 ϫ g). The P100 fraction, which was enriched in Golgi membranes and small vesicles, including endosomes, and the S100 fraction, which contained cytosolic molecules, were immunoblotted with anti-GFP antibody (SC 8334, Santa Cruz Biotechnology) to detect Vps8-GFP fusion protein. In the control untreated sample, Vps8-GFP was detected only in the P100 fraction, whereas in the fludioxonil-treated samples a significant amount of Vps8 was also present in the S100 fraction (Fig.  5c ). Taken together, these results clearly demonstrated that fludioxonil impedes endosomal trafficking by interfering with CORVET localization.
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To check the effect of fludioxonil on vesicle trafficking further, we carried out Lucifer yellow (LY) uptake assay (45) . LY enters the cells through fluid-phase endocytosis and accumulates in the vacuole, which depends on the endocytic transport route, passing through intracellular endosomal compartments. BY4741/pClNIK1 cells at logarithmic phase with or without fludioxonil treatment were incubated with LY for 45 min. In the control samples, vacuoles were prominently stained with LY, whereas in the fludioxonil-treated cells very little or no LY stain was visible (Fig. 5d) . We also conducted an FM4-64 recycling assay (45) . For this, BY4741/pClNIK1 cells at logarithmic phase were treated with fludioxonil and allowed to take up FM4-64 for 12 min. After thorough washing with ice-cold SD medium, the cells were resuspended in warm medium, and fluorescence associated with the cells was measured. In the control untreated sample, the fluorescence was decreased to ϳ40% within 20 min. However, the fludioxonil-treated cells could retain ϳ80% of the fluorescence at this time point (Fig. 5e) . These results clearly indicated that vesicle trafficking was compromised in fludioxonil-treated cells.
Overexpression of the components of CORVET complex abrogates fludioxonil toxicity
Previous studies indicated that the genes that confer hypersensitivity when deleted could be directly related to the drug's mechanism of action if they also exhibit resistance when overexpressed (34) . We therefore, investigated whether the overexpression of the identified genes could confer resistance to fludioxonil. For this, we expressed VPS8, VPS9, VPS11, VPS16, VPS18, VAM3, VAM6, VAM7, VPS34, VMA21, BCK1, and SLT2 from the high-copy-number plasmid pRS426 in BY4741/ pClNIK1 and determined fludioxonil sensitivity of these strains by dilution spotting. BCK1, SLT2, VPS34, and VMA21 were included in our analysis as internal controls. BCK1 and SLT2 are members of the cell wall integrity pathway and were present in the most hypersensitive list, whereas VSP34 and VMA21 are important regulators of vacuole function but do not belong to the tethering complex. Fludioxonil sensitivity of the strains expressing VPS8, VAM3, VPS34, VMA21, BCK1, and SLT2 was quite similar to that of the host. VPS9, VAM6, and VAM7 con- Role of CORVET complex in fungicidal action of fludioxonil ferred a low level of resistance, whereas the cells expressing VPS11, VPS16, and VPS18 were highly resistant to fludioxonil (Fig. 6a) . The resistance exhibited by these cells was not caused by suppression of Hog1 activation as phosphorylated Hog1 could be detected in these cells after fludioxonil treatment (Fig.  6b) . The examination of FM4-64 -stained cells by microscopy also showed that the overexpression of VPS11, VPS16, and VPS18 could suppress the vacuole fragmentation caused by fludioxonil toxicity (Fig. 6d) . In the control BY4741 cells treated with fludioxonil, 84.9% of cells showed highly fragmented vacuoles. In the case of VPS11-, VPS16-, and VPS18-overexpressing cells, highly fragmented vacuoles were observed in 4.78, 23.63, and 45.66% cells, respectively. A significant percentage of the cells had less than three vacuoles. In comparison, the vacuole fragmentation pattern in the cells expressing all other genes was quite similar to the WT control (Fig. S5) . We also observed that the pattern of Vps8-GFP localization in the cells overexpressing VPS11, VPS16, and VPS18 was quite similar in fludioxonil-treated and untreated cells (Fig. 6c) . Therefore, the overexpression of VPS11, VPS16, and VPS18 could restore CORVET localization on endosomal dots in fludioxonil-treated cells. Together, these results indicated that the components of the CORVET complex could be important effectors of fludioxonil toxicity downstream of HHK3.
The fungal hypha is an example of an extreme form of polarized growth in which vesicle trafficking plays a crucial role (46) . Mutants deficient in the biogenesis and fusion of secretory vesicles, early endosomes, and vacuoles have profound defects in invasive hyphal growth, conidiation, and virulence in fungi (46 -48) . The deletion of CaVPS11 gene, which encodes a protein of the CORVET complex, has a severe effect on the hyphal growth and virulence in the opportunistic fungal pathogen C. albicans (49) . We therefore assessed the effect of fludioxonil on hyphal growth in C. albicans. C. albicans can grow as singlecell yeast or filamentous hyphal form in response to diverse environmental cues. On a YPD (1% yeast extract, 2% peptone, and 2% dextrose) agar plate, C. albicans grew as a yeast form that was not affected by the presence of fludioxonil. However, on Spider medium or in the presence of serum, which induces filamentous growth, fludioxonil severely affected hypha formation (Fig. 7a) . In C. albicans, CaTup1 is a negative regulator of hyphal growth induction, and therefore Catup1⌬ mutant shows the filamentous form of growth constitutively (50) . Fludioxonil also inhibited true hypha formation in Catup1⌬ mutant, and the morphology of the fludioxonil-treated cells was more like a pseudohypha (Fig. S6) . To corroborate this further, we determined the effect of fludioxonil on the localization of CaSpa2, which is an essential component of the polarisome complex present in the tip of the growing hypha in C. albicans. C. albicans strain WYZ9 (51) expresses CaSpa2-GFP fusion protein and harbors the Catup1⌬ deletion mutation. In this strain, CaSpa2-GFP persistently localized on the hyphal tip (Fig. 7b) . In the cells treated with fludioxonil, CaSpa2-GFP was nearly absent from the tip. In some cells, it prominently localized to the septa (Fig. 7b) , and thus even in a genetic background that favors hypha formation, the polarisome protein CaSpa2p was completely mislocalized by fludioxonil treatment. During the continuous polarized growth of C. albicans hyphae, the vesicle-associated Rab GTPase CaSec4 localizes dynamically at the tip, corresponding to a vesicle-rich region (52) . To determine the effect of fludioxonil on the localization of CaSec4-GFP on the hyphal tip, we performed a fluorescence recovery after photobleaching (FRAP) experiment (Fig. 7d and Fig. S7 ). In the control sample, the recovery of CaSec4-GFP was observed at 12-15 s postbleach. However, the recovery of CaSec4-GPF in the fludioxonil-treated hyphae was much less even 60 s postbleach. These data suggest that fludioxonil inhibits the filamentous growth in C. albicans by affecting vesicle trafficking.
Next, we investigated the effect of overexpression of CaVPS16 and CaVPS18 on fludioxonil toxicity in C. albicans. For this, we cloned the ORF encoding CaVPS16 and CaVPS18 in the plasmid vector pVT50. The resultant plasmids (pCaVPS16 and pCaVPS18) were linearized with StuI and transformed into Figure 5 . Effect of fludioxonil on vacuolar morphology and vesicle trafficking. a, S. cerevisiae strain BY4741/pClNIK1 was treated with 5 g/ml fludioxonil (Flu) and stained with membrane dye FM4Ϫ64 as described under "Experimental procedures." Micrographs were taken using a Nikon A1R confocal microscope. b, S. cerevisiae strain BY4741 with chromosomally tagged VPS8-GFP and harboring plasmid pClNIK1 was grown to log phase and treated with fludioxonil (5 g/ml) for 2 h. Cells were washed with PBS and observed under a Nikon A1R confocal microscope. c, subcellular localization of GFP-tagged Vps8 was monitored in cells expressing ClNik1 after treating with fludioxonil (5 g/ml) for 4 h. Total cell extract (Lysate) were fractionated to obtain a pellet (P100) and supernatant (S100) after the final centrifugation at 100,000 ϫ g. Western blots were decorated against the GFP tag to identify Vps8. d, effect of fludioxonil on the accumulation of LY. S. cerevisiae strain BY4741/pClNIK1 with or without fludioxonil treatment was incubated at 30°C with YPD containing LY (4 mg/ml) for 45 min before being photographed using a Nikon A1R confocal microscope. e, real-time FM4-64 recycling assay with S. cerevisiae strain BY4741/pClNIK1 treated with or without fludioxonil. 
Role of CORVET complex in fungicidal action of fludioxonil
C. albicans strain SC5314. Integration of the plasmid into the host genome resulted in a C. albicans strain expressing CaVps16 and CaVps18 from the CaACT1 promoter. The overexpression of CaVps16 and CaVps18 in the respective clones was confirmed by RT-PCR (Fig. S8) . To determine the effect of fludioxonil, these clones were grown in YPD at 30°C up to logarithmic phase. The cells were then transferred to Spider medium with or without fludioxonil (25 g/ml) and observed under a microscope after 4 h of incubation. In the presence of fludioxonil, the parental control strain failed to exhibit the filamentous form of growth and remained as yeast. In contrast, the filamentous form was quite evident in the clones overexpressing CaVps16 and CaVps18 (Fig. 7e) . Thus, like that in the S. cerevisiae host, the overexpression of the components of CORVET complex could suppress fludioxonil toxicity in C. albicans as well.
Discussion
Fludioxonil is an interesting fungicide that has been used in agricultural practices for the past 30 years with nearly no incidence of developing field resistance against it (7). In this respect, fludioxonil is different from the antifungal agents used against human pathogens. Therefore, a detailed understanding of the fungicidal action of fludioxonil could pave the way to identify novel targets as well as therapeutic agent(s). Fludioxonil is known to affect the signal transduction pathway by targeting HHK3. However, the molecular events downstream of HHK3 that lead to cell death have remained obscure. To illu- Role of CORVET complex in fungicidal action of fludioxonil minate these processes, we used an S. cerevisiae model. Fludioxonil inhibited the growth of S. cerevisiae cells expressing ClNik1p. Interestingly, the inhibition of the activity of ClNik1p by fludioxonil dominantly affected the phosphorelay through another nontarget histidine kinase, Sln1p, although Sln1p exhibited much stronger interaction with Ypd1p ( Fig. 1d and  Fig. S2 ). In the presence of fludioxonil, ClNik1p could possibly be converted into a phosphatase and thereby dominantly inhibit the downstream phosphorelay. A similar mechanism has been proposed for another fungal HHK3, Drk1, recently (53) . Many prokaryotic two-component histidine kinases are bifunctional as they can act as both a kinase and a phosphatase for their cognate response regulators (54) . The ratio of kinase to phosphatase activity determines the output response. Although filamentous fungi have a large repertoire of HHKs, the number of response regulators and phosphotransfer proteins that act downstream of these HHKs are limited. Most species contain only two to three response regulators (55) . Therefore, HHK3 can potentially regulate more than one signaling pathway by acting as a kinase or phosphatase.
Earlier studies indicated that the p38/HOG MAPK pathway plays a pivotal role in the fungicidal action of fludioxonil (14, 20, 22) . Besides this pathway, involvement of the cell wall integrity pathway and calcineurin-mediated signaling have also been implicated (11) . Both MPK1 and calcineurin deletion conferred hypersensitivity to fludioxonil. Constitutive activation of Hog1p was observed in several fungal species upon fludioxonil treatment. In Neurospora crassa and Cochliobolus heterostrophus mycelia, it caused abnormal accumulation of glycerol and hyphal swelling (6) . Abnormal accumulation of glycerol was also observed in other fungal species. Based on these observations, glycerol accumulation was accepted to be the primary cause of fludioxonil-mediated cell death (6, 7) . In response to osmostress, fungal cells accumulate glycerol by transcriptional up-regulation of GPD1, which is facilitated by nuclear entry of Hog1p. To decipher the role of glycerol accumulation, we utilized a mutant (⌬nmd1) defective in nuclear entry of Hog1p and a mutant (⌬gpd1⌬gpd2) deficient in glycerol biosynthesis (Fig.  2) . Our results clearly indicate that the cytotoxicity of fludioxonil is not solely due to the accumulation of glycerol. Some other process is also affected, and it could be the main reason for growth arrest and cell death in fungi by fludioxonil.
To decipher the primary target, we conducted a genomewide screen and identified that the genes involved in early and late endosomal transport, e.g. CORVET complex and its regulators, SNARE proteins, could be potential downstream effectors of fludioxonil toxicity. The adverse effect of fludioxonil on endosomal biogenesis and vacuolar morphology was quite evident as we observed highly fragmented vacuoles after drug treatment. Fludioxonil also impaired CORVET localization on endosomal dots, indicating its effect on endosomal trafficking (Fig. 5, b and c) . The LY uptake assay and FM4-64 recycling assay confirmed this further (Fig. 5, d and e) . The overexpression of VPS11, VPS16, and VPS18 conferred resistance to fludioxonil, indicating their role in the cytotoxic effect of this compound. Vps11p, Vps16p, and Vps18p are the core subunits of CORVET and HOPS tethering complexes. CORVET acts on early endosomes having Vps21/Rab5-positive membranes, ORFs encoding CaVPS16 and CaVPS18 were cloned in plasmid pVT50 under the ACT1 promoter, and the linearized plasmids were chromosomally integrated into C. albicans strain SC5314 at the RP10 (ribosomal protein 10) gene locus. Cells were grown in Spider medium for 3 h at 37°C with and without fludioxonil (25 g/ml) and observed under a microscope. C. albicans strain SC5314 was used as a control (WT).
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whereas HOPS mediates the fusion of late endosomal Rab7-positive membranes (29) . Vps21/Rab5-positive endosomes also play a key role in vesicle trafficking during cytokinesis (56) . Impairment of cytokinesis was also observed after fludioxonil treatment that could be due to the polarization defect or disrupted endosomal trafficking. CORVET and HOPS complexes interact with other endosomal maturation machinery such as phosphoinositides, endosomal sorting complexes required for transport (ESCRT) machinery, vacuolar-type (V) ATPase, actin, and microtubules (57) . Thus, the effect of fludioxonil on endosomal trafficking can be an outcome of the disruption of this cooperative network. Endosomes are a central compartment in the endocytic pathway, and therefore any adverse effect on them can affect the collective vesicle trafficking capacity of the cell by interfering with recycling endosomes or protein targeting to vacuoles for degradation. Further studies focusing on the transport of endosome-specific proteins upon drug treatment will elaborate the mechanism by which vesicle trafficking plays a role in the fungicidal action of fludioxonil. The endocytic pathway is essential for polarized growth and survival in filamentous fungi. In the C. albicans model, fludioxonil completely inhibited hyphal growth, whereas the growth of the yeast form of C. albicans remained unaffected. Interestingly, deletion of VPS11, VPS16, and VPS18 showed synthetic lethality with TOR1 and affected TOR1 signaling (58). Therefore, fludioxonil can inhibit a number of crucial physiological processes through its effect on endosomal trafficking downstream of HHK3 in addition to its effect on the HOG pathway. Interestingly, the vesicle trafficking and secretory pathways have been proposed to be the next-generation target for developing antifungal agents as a few recently discovered fungicides appear to act through these processes (59, 60) . Our study further supports this proposition.
The present study has raised an interesting possibility that HHK3 may have a physiological role in endosomal vesicle trafficking in fungi. Deletion of HHK3 had pleiotropic effects. Concomitant to its established role in osmoadaptation, the HHK3 deletion mutants showed an osmosensitive phenotype. Besides this, hyphal growth, virulence, and conidiation were also found to be highly compromised in the deletion mutants in most species (14) . Interestingly, vesicle trafficking has a vital role in all these processes. Therefore, it may be possible that HHK3 regulates hyphal growth, virulence, and conidiation by modulating endosomal trafficking through the CORVET complex. Taken together, our study, for the first time, provides novel insight into the function of HHK3 that can be exploited for developing antifungal agents for therapeutic uses.
Experimental procedures

Growth conditions
S. cerevisiae strains were grown in standard conditions at 30°C in YPD and SD minimal medium with required supplements. C. albicans strains were grown at 30°C in YPD or at 37°C in Spider medium for inducing hypha formation.
Construction of S. cerevisiae overexpression plasmids
An ϳ2.3-kb fragment encoding S. cerevisiae VPS9 gene (along with its promoter and terminator region) was amplified from the genomic DNA and cloned into multicopy plasmid vector pRS426 at the BamHI/XhoI site to obtain pRS426-VPS9. Similarly, pRS426-VPS8, pRS426-VPS11, pRS426-VPS16, pRS426-VPS18, pRS426-VPS34, pRS426-VAM3, pRS426-VAM6, pRS426-VAM7, pRS426-SLT2, pRS426-BCK1, and pRS426-VMA21 were made by cloning the respective PCR fragments. All the clones were confirmed by digestion and sequencing.
Construction of C. albicans strains overexpressing CaVPS16 and CaVPS18
The 2841-bp orf19.6848 corresponding to CaVPS16 and 2433-bp orf19.5584 corresponding to CaVPS18 were amplified from SC5314 genomic DNA using primer pairs Vps16XhoIF/ Vps16SphIR and VPS18XhoIF/VPS18SphIR, respectively. The PCR products were purified and cloned into pVT50 vector at XhoI/SphI sites to obtain the plasmids pCaVPS16 and pCaVPS18. These plasmids were linearized with StuI and transformed into C. albicans strains by electroporation. The transformants were selected on YPD agar containing 200 g/ml nourseothricin. To confirm the integration of the plasmid, genomic DNA from the transformants was isolated, and diagnostic PCR was carried out using primers pairs ACT1PrF and Vps16SphIR and ACT1PrF and VPS18SphIR. Nucleotide sequencing of the PCR product further confirmed the desired integration. The sequences of primers will be made available upon request.
Western blotting
Levels of dually phosphorylated Hog1p in S. cerevisiae strain were detected by Western blotting as described earlier (13) . Cells were treated with 5 g/ml fludioxonil for various time periods ranging from 5 min to 1 h. The total cell extract (ϳ20 g of protein) from each sample was blotted onto nitrocellulose membrane, and the dually phosphorylated Hog1p was detected using anti-dually phosphorylated p38 antibody (Cell Signaling Technology). The level of Hog1p was detected in the same blot after reprobing with anti-Hog1p antibody (Y-215, Santa Cruz Biotechnology).
Yeast two-hybrid assay
For the two-hybrid assay, pJG4-5 and pEG202 were used as vectors for constructing prey and bait, respectively (61) . A ϳ0.7-kb fragment corresponding to YPD1 ORF (aa 2-167) along with the 3Ј region was PCR-amplified using primers Ypd1 2-XhoIF and Ypd1 167-BamHIR and cloned in bait vector pJG4-5 at XhoI and BamHI sites. An ϳ2.0-kb DNA fragment corresponding to the kinase and receiver domain of Sln1 (aa 566 -1220) was PCR-amplified using SLN1-566-BamHIF and SLN1-XhoIR primers and cloned in prey vector pEG202 at BamHI and XhoI restriction sites. Similarly, an ϳ1.8-kb DNA corresponding to the kinase and receiver domain of ClNik1 (aa 490 -1082) was PCR-amplified using ClNik1-490 EcoRIBlunt F and ClNik1-XhoIR primers and cloned in prey vector pEG202 at EcoRI (blunt-ended) and XhoI sites. Authenticity of all the constructs was confirmed by nucleotide sequencing. S. cerevisiae strain EGY 48 was cotransformed with bait and prey constructs and selected on minimal medium with 2% glucose and Role of CORVET complex in fungicidal action of fludioxonil without tryptophan and histidine. Cotransformed cells were grown to an A 600 of ϳ1.0, and 5 l of the cultures (normalized to an A 600 of 1.0) was spotted onto minimal medium with 2% galactose and 1% raffinose and without tryptophan, histidine, and leucine. Plates were incubated for 4 days at 30°C.
Microscopy
S. cerevisiae strain BY4741 harboring plasmids pClNIK1 and pHog1-GFP were grown in SD medium (ϪHis,ϪUra) to an A 600 of 0.5-0.7. An aliquot of the culture was exposed to 0.4 M NaCl for 15 min to serve as a positive control. The remaining portion of the culture was exposed to 5 g/ml fludioxonil, and the samples were withdrawn at different time points (5, 15, 30, 60 , and 180 min). All the samples were immediately fixed with 4% paraformaldehyde. Cells were washed twice with PBS and stained with DAPI before being observed under a Nikon A1R confocal microscope.
S. cerevisiae strain BY4741/pClNIK1 was grown in SD (ϪHis) minimal medium to early log phase (ϳ0.3 A 600 ) . After transferring the cultures to fresh medium, the cells were treated with ␣-factor (6 g/ml) for 90 min. After washing the cells with ice-cold water to remove ␣-factor, the cells were suspended in fresh SD (ϪHis) or SD (ϪHis) containing 25 g/ml fludioxonil. Samples were collected at different time intervals and fixed with 4% paraformaldehyde. Quantification of bud formation and nuclear division during cell cycle progression in these samples was performed by microscopic observation after staining the cells with DAPI. At least 100 cells were counted for each time point.
S. cerevisiae strain BY4741/pClNIK1 was grown at 30°C to early logarithmic phase in SD medium (ϪHis). The cells were incubated further for 1 h in the presence or absence of 5 g/ml fludioxonil. Cells were collected by centrifugation, and the cell pellet was resuspended in 50 l of YPD or YPD containing 5 g/ml fludioxonil. 1 l of FM4-64 solution (1.6 M in DMSO) was added to each aliquot and incubated for 20 min at 30°C. Cells were centrifuged, and the supernatant was discarded. The cell pellet was resuspended in 5 ml of YPD or YPD containing 5 g/ml fludioxonil and incubated further for 90 min at 30°C. Following centrifugation, the cells were resuspended in 50 l of SD (ϪHis) medium with or without 5 g/ml fludioxonil and observed under a Nikon A1R confocal microscope.
FRAP experiments were carried as described earlier (53) . C. albicans strain Sec4-GFP was grown at 37°C in Spider medium for 45 min to induce hypha formation. Subsequently, fludioxonil (50 g/ml) was added to the culture and incubated further for 45 min at 37°C. The cells were then embedded in 0.4% agar on glass slides, maintained at 37°C by a heated stage, and imaged using a Nikon Eclipse TiE microscope equipped with an Andor iXON3 electron-multiplying charge-coupled device camera and controlled using Andor iQ2.7 software. The protocol was standardized, and a total of 2 min was recorded with prebleaching for 30 s, bleaching at 75% laser power for 30 s, and postbleaching for 60 (control) and 180 s (with fludioxonil). A nonbleached tip in the same field served as a control for bleaching during the image acquisition in the recovery period. Raw values were subjected to subtraction of background. For each time point, the fraction of FRAP was calculated according to the formula (I t Ϫ I b )/(I 0 Ϫ I t ) ϫ 100% where t is the time in seconds, I 0 is the intensity prebleaching, I b is the intensity immediately postbleach, and I t is the intensity at time t.
Estimation of intracellular glycerol
For determination of intracellular glycerol, S. cerevisiae strains harboring pClNIK1 were grown in SD minimal medium up to mid-exponential phase and incubated further for 3 h with or without 25 g/ml fludioxonil. Cells from 10 ml of culture were collected by centrifugation and washed with chilled medium followed by chilled 0.5 M Tris-HCl (pH 7.5). Finally, the pellet was resuspended in 2 ml of Tris-HCl (pH 7.5). 600 l of the cell suspension was placed in a microcentrifuge tube and incubated at 100°C for 10 min. Subsequently, the cells were centrifuged at 5000 rpm for 5 min, and the supernatant was used to estimate glycerol using a UV glycerol assay kit (R-Biopharm) according to the manufacturer's instructions.
Deletion sensitivity profiling
The lithium acetate/single-stranded (LiAc/SS) carrier DNA/ PEG method (37) was used to transform the pClNIK1 in the haploid deletion strain collection of S. cerevisiae obtained from EUROSCARF. Deletion strains from 96-well plates were patched on 140-mm YPD plates with the help of a 96-well pin tool and grown for 12-16 h. The strains were then transferred by the pin tool to 96-well round bottom microtiter plates containing 50 l of water in each well. The plates were then centrifuged at 2500 rpm for 10 min, and water was discarded. 50 l of transformation mixture containing the plasmid pClNIK1 (200 ng) was added to each well. The contents of the plates were mixed on a Thermomixer (Eppendorf) at 800 rpm for 2 min. 100 l of 50% PEG was then added, and a multichannel pipette was used to mix the contents until the cell suspensions were homogenous. Microtiter plates were then incubated at 42°C for 1 h on a Thermomixer. After heat shock, the plates were centrifuged at 2500 rpm for 10 min, and the supernatant was discarded. The transformed cell pellets were transferred to SD (ϪHis) plates using a 96-well pin tool. The plates were then incubated at 30°C for 3-4 days.
The transformants that appeared on the plates were transferred to a 96-well flat bottom microtiter plate containing 100 l of SD (ϪHis) medium in each well. The plate was incubated at 30°C for 24 h. 3 l of the culture from each well of this plate was inoculated into a fresh 96-well plate containing (in each well) 97 l of SD (ϪHis) medium without or with 0.76 g/ml fludioxonil. After measuring the initial A 600 in an ELISA reader, the plates were then incubated at 30°C. The growth of each strain was recorded using an ELISA reader after 24 h. The strains that showed increased sensitivity compared with the control (BY4741/pClNIK1) were separately picked and archived by making glycerol stocks.
Estimation of DNA content of the cell by FACS
To analyze the DNA content by FACS, S. cerevisiae strain BY4742/pClNIK1 was grown in SD minimal medium to ϳ0.3 A 600 and exposed to fludioxonil (25 g/ml) for 4 h. Cells were harvested by centrifugation and fixed in 70% ethanol. Prior to FACS analysis, cells were washed with PBS to remove ethanol Role of CORVET complex in fungicidal action of fludioxonil and treated with RNase A at 37°C for 2 h. Cells were stained with 25 g/ml propidium iodide, washed, and sonicated briefly to disrupt the cell aggregates before analysis on a BD FACSCalibur for forward scattering. A total of 50,000 events were captured.
Subcellular fractionation
Subcellular fractionation was carried out following the protocol described earlier (44) . Briefly, S. cerevisiae strain expressing Vps8-GFP and ClNik1p was grown to logarithmic phase (A 600 ϳ0.8) in minimal medium and treated with fludioxonil (5 g/ml) for 4 h. Cells were harvested by centrifugation and resuspended in 0.1 M Tris (pH 9.4) supplemented with 10 mM ␤-mercaptoethanol and incubated at 30°C for 10 min. Subsequently, the cells were collected and incubated in buffer (1 M sorbitol, 50 mM Tris-Cl (pH 7.9), and 5 units/l Zymolyase) to make spheroplasts. Spheroplasts were resuspended in lysis buffer (20 mM HEPES (pH 6.8), 0.2 M Sorbitol, 2 mM EDTA, 50 mM potassium acetate, and protease inhibitor mixture) and homogenized. The lysate was clarified by two rounds of centrifugations at 1000 ϫ g for 5 min followed by 13,000 ϫ g for 15 min. The supernatant fraction was then centrifuged at 100,000 ϫ g for 45 min to obtain the pellet (P100) and supernatant (S100). Equal amounts of protein (100 g) from each fraction were used for Western blotting using anti-GFP antibody.
LY uptake assay
The LY uptake assay was performed as described previously (45) . In brief, BY4741/pClNIK1 cells at logarithmic phase (A 600 ϳ0.8) were treated with or without 10 g/ml fludioxonil for 120 min at 30°C. Cells were resuspended in YPD (ϳ2-5 A 600 ) and incubated for 45 min at 30°C in the presence of 4 mg/ml LY (Sigma). The cells were washed three times in 1 ml of ice-cold buffer (50 mM sodium phosphate, 10 mM sodium azide, and 10 mM sodium fluoride (pH 7.5)). Samples were viewed by a Nikon A1R confocal microscope using FITC optics.
FM4-64 recycling assay
The recycling assay was performed as described previously (45) . Briefly, S. cerevisiae strain BY4741/pClNIK1 was grown to logarithmic phase (A 600 ϳ0.8) in minimal medium. The cells were incubated further for 120 min at 30°C with or without 10 g/ml fludioxonil. Cells were harvested, resuspended in YPD, and incubated with 40 M FM4-64 for 10 -12 min at 30°C with shaking. Cells were then diluted in ice-cold SD medium and harvested by centrifugation at low speed. Cells were then washed vigorously three times with ice-cold SD medium and kept on ice. Prior to measuring the fluorescence, prewarmed SD medium was added to the cells to obtain a final A 600 of 0.25. The fluorescence was recorded for 20 min on a Shimadzu Cary spectrofluorometer with excitation at 515 nm and emission at 680 nm.
Statistical analysis
Statistical analysis was performed using Student's t test (twotailed) and two-way analysis of variance in Microsoft Excel, and p values Ͻ0.05 were considered significant.
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